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ABSTRACT 



Aims. We establish the mean metallicity from high-resolution spectroscopy for the recently found dwarf spheroidal galaxy Bootes I 
and test whether it is a common feature for ultra-faint dwarf spheroidal galaxies to show signs of inhomogeneous chemical evolution 
(e.g. as found in the Hercules dwarf spheroidal galaxy). 

Methods. We analyse high-resolution, moderate signal-to-noise spectra for seven red giant stars in the Bootes I dSph galaxy using 
standard abundance analysis techniques. In particular, we assume local thermodynamic equilibrium and employ spherical model 
atmospheres and codes that take the sphericity of the star into account when calculating the elemental abundances. 
Results. We confirm previous determinations of the mean metallicity of the Bootes I dwarf spheroidal galaxy to be -2.3 dex. Whilst 
five stars are clustered around this metallicity, one is significantly more metal-poor, at -2.9 dex, and one is more metal-rich at, -1.9 
dex. Additionally, we find that one of the stars, Boo- 127, shows an atypically high [Mg/Ca] ratio, indicative of stochastic enrichment 
processes within the dSph galaxy. Similar results have previously only been found in the Hercules and Draco dSph galaxies and 
appear, so far, to be unique to this type of galaxy. 
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1. Introduction 

Until recently, the number of dwarf spheroidal (dSph) galaxies 
around th e Milky Way was small compared to expectations from 
ACDM dMoore et al.ll 1 9991) . However, in the past few years sev- 
eral new systems have been foun d through systematic searches 
(e.g. lBelokurov et al.ll2006ll2007l) . 

In general, dSph galaxies are some of the most tenuous stel- 
lar systems that we know of. This is especially true for the 
newly found dSp h galaxies which h ave very low stellar lumi- 
nosities (see e.g., iMartin et al.ll2008h . The new dSphs are ultra- 
faint and sho w low metallicities as indicate d by low-resolution 
spectroscopy dKirbv et al.ll2008l:lKochll2009l) . lKoch et ail f2008) 
found unusual abundance patterns in two red giant stars (RGB) 
in the ultra-faint Hercules dSph galaxy. Because of the low bary- 
onic mass for these system it has been speculated that the ele- 
mental abundances in the stars in these s ystems might show us 
the results of individual supernova events dKoch et al.l l2008). 

The recently fo und dSph galaxy in Bootes (Bootes I, 
Belo kurov et al.ll2006l) provides an excellent opportunity to test 
whether or not unusual elemental abundance ratios are a com- 
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mon feature of ultra-faint dSph gala xies, thanks to its low 
baryonic mass, Beloku rov et al.l (120061) estimate, based on a 
colour magnitude diagram, that the Bootes I dSph galaxy is a 
purely old and met al-poor system. Low-resolution spectr oscopic 
data confirm this dMartin et al.ll2007t iNorris et aill2008l) at find 
<[Fe/H]>=-2.5. 

With My ~ -5.8 t his dSph galaxy is one of the least lu- 
minous galaxies known (Belokurov et al. 2006). Fellhauer et al. 
(120081) . modelled the system and find that if this galaxy ever had 
a dark matter halo, it must still have it. This implies that, since 
the dark matter provides a deep potential well, the stars that orig- 
inally formed in the dSph galaxy are still there and, moreover, 
the depth of the well should have help ed retain the ejecta from 
core-collapse supernova. For Hercules, iKoch et all (|2008) con- 
clude that about 10 supernova are needed to pollute the inter- 
stellar medium to the observed atypical abundance ratios. Given 
that Bootes I has an even lower baryonic mass than Hercules, we 
might expect to be able to see enrichment from individual super- 
novae in the elemental abundance trends (which would show up 
as large scatter in element ratios from star to star). 

We have obtained high-resolution, moderate S/N spectra for 
seven RGB stars in the Bootes I dSph galaxy. Here we report on 
the mean metallicity, the metallicity spread, and aty pical abun- 
dance ratios similar to those foun d in the Hercules dKoch et al.l 
2008) and Draco dSph galaxies dFulbright et alj|2004l) . Thus, 
Bootes I becomes the third system to show unexpected abun- 
dances ratios. 
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Fig. 1. Portions of the stellar spectra around the two Ban lines 
used in this study. Those and additional lines measured are iden- 
tified in the panels for Boo-094 (third from the top). S/N are 
typically somewhat higher than 20-25. For Boo-094 S/N reaches 
30-35. 



2. Observations and abundance analysis 

Observati ons using the Hi gh Resolution Echelle Spectrometer 
(HIRES) dVogt et alj|1994ft on Keck I were carried out in June 
2006. We obtained spectra of reasonable quality for seven RGB 
stars in the Bootes I dSph galaxy. 

A full description of the construction of the linelist, de- 
termination of stellar parameters, etc. will be given else- 
where. B riefly, we deriv e d T e g from infrared 2MASS pho- 
tometry dSkrutskie et alj 120061) using the c alibrations by 
000l5ai] 



iHoud ashelt et all d2000h and lAlonso etal] dl999l) . We found that 
all stars could be modelled using T e ff= 4600 K, apart from Boo- 
094, which has a somewhat cooler model. Once T e s was deter- 
mined, microturbulence (£ t ) was checked by requiring all Fe i 
lines to yield the same Fe abundance regardless of linestrength. 
Given the quality of the spectra, a common £ t of 2. 1 km s yields 
a consistent result for all stars. Surface gravity (logg) was set to 
1.0 dex for all stars, apart from Boo-094, for which we adopt 
0.5 dex. Boo-094 is clearly more evolved; e.g., lines sensitive to 
logg, such as the Cai line at 616.2 nm, show that this star has 
a low logg. Our results are not sensitive to the adopted \ogg 
(compare Figf2]). 

Assuming that local thermodynamical equilibrium will 
hold, we performed a stan dard abundance analys is using 
MARCS model atmospheres (Gusta fsson et alj 120081) and ac- 
companying programs for abundance analysis. These codes 



take the sphericity of the stellar atmospheres into ac- 
count, which is necessary because our stars are quite 
evolv ed. Using nonspherical models results in significant er- 
rors dHeiter & Erikssorii r2006). The calculations of the elemen- 
tal abundances incorporate the broa dening of the lines through 
collisions by neutral hydrogen dBarklem & O'Maral [ l997: 
Barkl em etal] Il998t Hj rklem & O'Maral 1 19981: iBarklem et all 
boOOtlBarklem & Aspelund-Johanssonl2005l) . 

We show two portions of stellar spectra in Fig.Q] Boo-094 
clearly has the highest S/N and the weakest spectral lines. That 
this star comes out as the most metal -poor in our abundance anal- 
ysis is hence not surprising (cf. Tabl^TJ. 

We find it entirely plausible that our [Fe/H] determinations, 
and others', can have systematic and/or random errors as large 
as 0.3 - 0.5 dex. We arrive at this conclusion based on results 
such as those shown in Fig. [2] In Fig.|2]we investigate how much 
the abundance ratios change when r e ff is changed by -200 K 
and +150K, log g by +0.5 dex, £ by +0.6 and -0.4kms _1 , and 
[Fe/H] by -0.5 dex. Remarkably, [Mg/Ca] hardly changes, whilst 
the greatest differences for [Fe/H] amounts to 0.5 dex. However, 
even given the uncertainty in [Fe/H], it appears very clear that 
Boo-094 is significantly more metal-poor than the bulk of RGB 
stars in the Bootes I dSph galaxy. 

From our sample of 7 stars we find a mean iron abundance 
of 5. 1, on the scale where log N(H) — 12.00, with a sigma of 0.3 
dex. This gives an [Fe/ H] of -2.35 dex with the solar iron abun- 
dance taken to be 7.45 dAsplund et alj |2006). This i s compatible 
with w hat has previously been found for the system dNorris et al.l 
2008). The determinations by iNorris et al.l d2008h are based on 
measurements of the Ca H and K lines. The difference in [Fe/H] 
is -0.1 dex with a sigma of 0.3 dex (cf. TableQ]). This must be 
regarded as excellent agreement. 

However, a deeper investigation reveals that there is a trend 
between our data such that, fo r low-metall i city st ars, our [Fe/H] 
are higher than those found in lNorris et al.l (l2008h . It is not clear 
where this difference stems from and our data-set is too small to 
investigate this further. We note, however, that the difference be- 
tween us and lNorris et alJ ((2008) also correlates with the equiv- 
alent width of the Can triplet line at 855.2 nm as measured by 
them, such that the difference is large and positive for smaller 
equivalent widths and large and negative for stronger lines. A 
more extensive comparison should be made to conclude on the 
source of the difference found. 

Identifications and elemental abundances for our stars are 
listed in TableQ] The table contains the following in formation: 
co lumn one lists the s tars' designations as used in this paper and 
in INorris et a ii (120081) . Columns two and three list the right as- 
cension and declination, respectively. Column four lists the V 
magnitude. Columns five and six list our [F e/H] (assuming a so - 
lar [Fe/H] of 7.45) and the [Fe/H] derived bv lNorris et al.ld2008l) . 
Columns seven, eight, ten, and eleven then list our derived abun- 
dances as indicated. For each element, we first list the abun- 
dance, the line-to-line scatter and, then the number of lines in 
parenthesis. For Mg (column nine) we give the Mg abundance 
if the two strong Mg triplet lines at 5172.6 and 5183.6 A are ex- 
cluded. 



3. The metallicity (spread) in the Bootes I dSph 
galaxy 

It thus appears that the metallicity distribution, as derived from 
high-resolution spectroscopy, on the upper RGB of the Bootes I 
dSph galaxy is dominated by one metallicity with few outliers. 
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ID 


R.A. 


Dec. 


V 


[Fe/H] 


[Fe/H] 


e(Fe) 


6(Mg) 




6(Ca) 


6(Ba) 




(12000.0) 


(12000.0) 




(7.45) 


Norris08 












Boo-007 


13 59 35 


+ 14 20 23 


17.88 


-2.28 


-2.32 


5.17 0.26(22) 


5.68 0.18(4) 


5.57 


4.24 0.22(5) 


-0.90 (1) 


Boo-033 


14 00 11 


+ 14 25 01 


17.79 


-2.47 


-2.96 


4.98 0.36(25) 


5.53 0.30(4) 


5.77 


4.22 0.28 (5) 


-0.74 0.24 (2) 


Boo-094 


14 00 31 


+ 14 34 03 


16.99 


-2.90 


-2.79 


4.55 0.22(25) 


5.14 0.04(4) 


5.12 


3.61 0.03(4) 




Boo- 117 


14 00 10 


+ 14 31 45 


17.74 


-2.24 


-1.72 


5.21 0.30(21) 


5.66 0.23 (3) 


5.53 


4.34 0.28 (4) 


-0.57 0.11(2) 


Boo- 121 


14 00 36 


+ 14 39 27 


17.42 


-2.39 


-2.37 


5.06 0.22(26) 


5.53 0.30(4) 


5.78 


4.28 0.29(5) 


-0.69 (1) 


Boo- 127 


14 00 14 


+ 14 35 52 


17.69 


-1.98 


-1.49 


5.47 0.34(29) 


6.28 0.11 (3) 


6.33 


4.33 0.18(5) 


-0.49 0.43 (2) 


Boo-911 


14 00 01 


+ 14 36 51 


17.49 


-2.21 


-1.98 


5.24 0.29(29) 


5.63 0.24(4) 


5.45 


4.48 0.05 (4) 


-0.64 0.09(2) 
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Fig. 2. Illustration of the robustness of the measured [Mg/Ca] 
to errors in the stellar parameters. For each star we show the 
[Mg/Ca] ratio using seven model atmospheres all with different 
stellar parameters: • shows three models with different T e g (the 
middle one being the one adopted in the final abundance anal- 
ysis). A filled, inverted triangle denotes a model with the final 
T e g but with logg = 0.5, and o denotes a model with the fi- 
nally adopted T e ff, logg = 1.0, and the finally adopted £ t but 
with [Fe/H]= -2.50. Finally, x denotes two models with all pa- 
rameters set to the finally adopted values but with £ t +0.6 and 
-0.4 km s -1 relative to the final value. The error-bars denote the 
error in the mean for the derived abundances; e.g., for [Mg/Ca] 

this is equivalent to ^cr^ g //V lineSiMg + o^JNii^a- 



That the outliers are real and not caused by measurement errors 
is further demonstrated by inspection of the stellar s pectra (F ig. [T 



and S ect.[2]>. The stars in our study span about 1 dex. Norris et al 



(2008) find a total spread of about 1.7 dex and iMartin et al 



2007) a spread of 1.3 dex. Both of these studies include more 
stars than ours. 

The position on the sky of our stars do not indicate that, 
e.g., the most metal-poor star is at the outskirts of Bootes I. 
In fact, the overall shape and extent of the Bootes I dSph are 
curre ntly poorly constra ined. The radial velocit y selected stars 
from lMartin et al.l (120071) and lNorris et al.l (12008) appear to have 
complementary sky coverage. All our stars are also studied by 
Norr is et al.l §008), so are radial velocity members (see their 
Table 1). 



4. Abundance ratios - signs of individual 
supernovae? 

iKoch et al] d2008l) have observed stars in the Hercules dSph 
galaxy and found atypical abundance ratios. The Hercules dSph 
galaxy is one of the ultra-faint, newly dis covered dSph galaxies 
dBelokurov et al.ll2007t I Aden et al.ll2009l) . One star in Draco, a 
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Fig. 4. a) A comparison of [Ca/Fe] vs, [Fe/H] for stars in several 
ult ra-faint dSph galaxie s. Bootes I (• with error-bar s) Dra-119 
(OlFulbright et al j2004l) . Hercules (filled pentagons. lKoch et al.l 
2008), Ursa Major II (filled squ ares) and Coma Ber enices (filled, 
inverted triangles) (both from iFrebel et al.l l20Q9h . The hashed 
area shows the general trend for halo stars in the Milky Way. 
b) The same stars as in a) but for [Mg/Fe] vs [Fe/H]. 



classical d Sph galaxy, also sho ws this unusual abundance pattern 
(Dra-1 19 lFulbright et ai1l2004l) . We find one star in the Bootes I 
dSph galaxy that clearly shows the same unusual [Mg/Ca] pat- 
tern, Boo-127 (Fig.O. It is also possible that Boo-094 shows 
similar traits but not as clearly. 

It is clear that Her-2 and Her-3, Dra-119, and Boo-127 all 
stand out very clearly from the common trend. Even with large 
errors in the stellar parameters, Boo-127 cannot be made com- 
patible with the general trend found for the other RGB stars in 
the Bootes I dSph galaxy. Note al so that we have 3- 4 Mg lines 
in our abundance analysis, while iKoch et al] d2008) only used 
one. Our four lines show consistent and high Mg abundances 
(cf. Table 1). Thus our results confirm and strengthen the results 
found for the Dra co and Hercules dS ph g alaxies. 

Additionally, IKoch et al l d2008l) and iFulbright et ail (|2004|) 
find that Her-2, Her-3, and Dra-1 19, respectively, have extremely 
weak or nonexistent Ba n lines resulting in upper limits on the 
[Ba/H] abundances. For the stars in the Bootes I dSph galaxy, 
this does not appear to be the case (compare Fig.[TJi. We have not 
derived Ba n abundances for Boo-094, because on closer inspec- 
tion, the lines are not free from blemishes, but they are clearly 
visible in the stellar spectra. 

However, for metal-poor stars, like Boo-094, the S/N of the 
spectrum is clearly important for a positive detection of the Ba n 
line at 649.689 nm (compare Fig|TJ. A comparison with Fig. 2 in 
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Fig. 3. [Mg/Ca] as a function of 
[Fe/H] for Bootes I (• with error-bars), 
Hercu les (solid pentagons, Ko ch et al 

2008) , Dra-119 (O, Fulbrie ht et al 
2004), Ursa Major II (filled squares), 
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2007), Milky Way solar neighbour- 
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iKoch et al] (120081) shows that it might be possible that the line 
is buried in the noise. Those spectra also have somewhat lower 
resolution. Koch (2009, priv.com.) confirms that this might be a 
possibility, but that it is unlikely that, if the line was present at 
a standard level, it could be completely veiled by the noise and 
lower resolution; hence, the Ba abundance would still be low. 
Higher resolution, higher S/N spectra of the stars in the Hercules 
dSph are needed to fully settle the issue. 

In supernova explosions, freshly synthesized elements are 
ejected into the nearby interstellar medium. The yields of dif- 
ferent eleme nts depend on the mass of the star that is the pro- 
genitor (e.g. IWooslev & Weaver|[l99H llwamoto etai1ll999l) . In 
models of galactic chemical evolution, it is often assumed that 
the ejecta from the supernova become well-mixed quickly. Thi s 
is the instantaneous recycling approximation (e.g. lPagellll997h . 
This works well when we explore the later phases of galactic 
chemical evolution or study galaxies as a whole; however, in sit- 
uations where only one or few supernova have had the chance to 
enrich the interstellar medium, the gas will not be well-mixed, 
and we might therefore see an at ypical composition of elemen - 
tal abundances in a single star dKarlsson & Gustafssonl 12005). 
Few studies have been done of the effect on elemental abun- 
dances in low mass systems such as the ultra-faint dSph galax- 
ies. As opposed to the more robust predictions from models of 
galactic chemical evolution that concerns giant galaxies such as 
the Milky Way, models for dSph galaxies will be highly vul- 
nerable to any uncertainties in the supernova yields used for the 
modelling. As such yields remain uncertain, we can only at this 
point speculate on the origin of the atypical abundance ratios 
observed. 

IKoch et aTl d2008l) speculate that, if the enrichment histories 
of the ultra-faint dSph galaxies are largely dominated by inho- 
mogeneous evolution, considerable star-to-star scatter should be 
observed in these systems. Apart from Boo-127 (and possibly 
Boo-094), the remaining stars in Bootes I show considerable ho- 
mogeneity in their derived Mg and Ca abundances (Fig.|4ji. Also 
for the two faint s ystems Coma Berenices and Ursa Major II, 
iFrebel et al.1 d2009) find very homogeneous [Mg/Ca] abundance 
ratios (Fig. [3} and fairly homogeneous abundance trends for the 
Q'-elements (Fig.|4]i. These findings seem to suggest that the 
ultra-faint dSph galaxies are not, after all, different from the 
classical dSph galaxies. Indeed, D raco, a classical dSph, has 
one odd star (Fulbrightet al. 2004}), and the remainder are nor- 
mal (Compare, e.g., the recent results in lCohen & Hu ang 2009, 
which shows that eight of the bright red giants in Draco all have 
normal Mg to Ca ratios.). 



Cayrel et al. 2004), halo dwarf stars (o 
Bonifacio et all2009l) . 
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